Abstract-As the number of resolvable propagation paths increases, the bit error rate (BER) performance of DS-CDMA with rake combining degrades due to increasing inter-path interference. Recently, we have shown that the use of frequency-domain equalization (FDE) based on minimum mean square error (MMSE) criterion can significantly improve the downlink BER performance. However, for the uplink transmissions, MAI (multi-access interference) is produced due to orthogonality destruction among users and the uplink BER performance severely degrades. In this paper, we propose a frequency-domain multi-stage MAI cancellation for DS-CDMA uplink with transmit/receive antenna diversity and evaluate the achievable BER performance by computer simulation.
INTRODUCTION
Wideband direct sequence code division multiple access (DS-CDMA) with rake combining is adopted in the 3rd generation mobile communication systems that provide a variety of data services of up to a few Mbps transmissions [1] . Next generation wireless communication systems require much higher rate data transmissions, e.g., close to 1 Gbps, over a severely frequencyselective fading channel. As the transmission data rate increases, the number of resolvable propagation paths increases and therefore, the bit error rate (BER) performance of DS-CDMA with rake combining degrades due to increasing inter-path interference (IPI).
So far, multi-carrier CDMA (MC-CDMA) has been attracting much attention [2] . However, recently DS-CDMA has been considered over again with the application of frequency-domain equalization (FDE) [3] . FDE based on minimum mean square error (MMSE) criterion [4] can replace rake combining to significantly improve the BER performance of DS-CDMA [5] , [6] . Unlike rake combining, the computational complexity of FDE does not depend on the degree of channel frequency-selectivity.
However, in the uplink case, different users' transmit signals go through different channels and thus, the orthogonality between users is lost; the uplink BER performance is severely degraded due to the multi-access interference (MAI) [3] . To improve the uplink BER performance, the use of MAI cancellation technique [7] - [9] is inevitable. To further improve the uplink performance, transmit/receive antenna diversity can be used together with MAI cancellation technique. For transmit/receive antenna diversity, space-time block coded (STBC) transmit antenna diversity [10] and receive antenna diversity can be used.
In this paper, we propose frequency-domain multi-stage parallel interference cancellation (FD-MS-PIC) and successive interference cancellation (FD-MS-SIC) and evaluate by computer simulation the BER performance in a frequency-selective Rayleigh fading channel. The remainder of this paper is organized as follows. Uplink transmission system model of DS-CDMA with FDE is presented in Sect. II. FD-MS-PIC and -SIC are proposed in Sect. III. In Sect. IV, the computer simulation results for the BER performance using the proposed interference cancellation schemes are presented. The paper is concluded in Sect. V.
II. UPLINK TRANSMISSION SYSTEM MODEL
Transmitter/receiver structure for the DS-CDMA uplink is illustrated in Fig. 1 . FD-MS-PIC/SIC is jointly used with 2-antenna STBC transmit diversity and N r -antenna receive diversity. Throughout the paper, the chip-spaced discrete time representation is used.
At a mobile station transmitter, a binary data sequence of the uth user (u=0~(U−1)) is transformed into QPSK-modulated symbol sequence d u (n), n=0~(N c /SF−1), and then spread by multiplying the long pseudo noise (PN) sequence c u (t), where N c is the size of fast Fourier transform (FFT). The resultant DS-CDMA signal s u (t), t=0~(N c −1), can be expressed using the equivalent baseband representation as
where E c and T c represent the chip energy and the chip length, respectively, SF represents the spreading factor and   x represents the largest integer smaller than or equal to x.
An SFxN c -chip block interleaver, as shown in Fig 2, is used in order to reduce the error propagation produced by decision feedback for the interference replica generation. The resulting chip sequence is divided into a sequence of blocks, each with N c chips. , are STBCencoded as shown in Fig. 3 [11] . After insertion of guard interval (GI) of N g chips, the STBC-encoded chip blocks are transmitted simultaneously from two antennas during the time interval of consecutive two (even and odd) chip blocks.
U users' transmitted signals go through different fading channels and are received by N r antennas at a base station. The transmission channel is assumed to be a chip-spaced L-path frequency-selective fading channel. The lth path gain and time delay of the channel between the nth transmit antenna and the mth received antenna for the uth user are denoted by After the removal of GI, the received signal is decomposed into N c frequency components
is given by 
Then, frequency-domain STBC-decoding is carried out, followed by PIC and SIC for MAI cancellation to obtain a sequence of
Chip interleaver Transmitter/receiver structure. Fig. 3 STBC-encoding.
III. JOINT STBC-DECODING AND MAI CANCELLATION
At the 0th stage of FD-MS-PIC, all users' data sequences are detected after performing one-tap MMSE-FDE taking into account the MAI power. For the 1st stage onwards, MAI replicas are generated and subtracted from the received signal to obtain the MAI-reduced signal and then, MMSE-FDE taking into account the residual MAI power is carried out again. This is repeated a sufficient number of times. On the other hand, in FD-MS-SIC, a series of MMSE-FDE, MAI replica generation and subtraction is carried out at each stage for users in the descending order of their equivalent channel gains. This is repeated a sufficient number of times. The cancellation structure at the ith stage structure is illustrated in Fig. 4 and 5 for FD-MS-PIC and SIC, respectively.
A. Frequency-domain PIC
The soft symbol replica )
of the uth user is generated by using the decision variable )
at the (i−1)th stage as follows [12] :
where β i-1 is a parameter that controls the extent to which the soft decision contributes to the replica generation. The soft symbol replica )
is generated as 
Next, joint STBC-decoding, antenna diversity combining and MMSE-FDE is carried out as follows [11] : 
The above procedure is carried out for all U users. At first, )} 1 ( 0 ; { − = U u H u are compared and users are sorted in the descending order. In this paper, we assume
without loss of generality. The MAI subtraction for the uth user at the ith stage is expressed as Then, the received signal replica ) (
is generated as in Eq. (7). IV. SIMULATION RESULTS Table 1 shows the computer simulation condition. A chipspaced 16-path (L=16) frequency-selective block Rayleigh fading channel having the uniform power delay profile are assumed. We assume an FFT block length of N c =256 chips, a GI length of N g =32 chips, and a spreading factor of SF=16. We assume ideal channel estimation and all users' transmit timings are kept within GI by the transmit timing control. The MMSE-FDE weight and control parameter β i for the soft symbol replica generation are optimized in each iteration stage. Fig. 6 plots the average BER performance as a function of the average received signal energy per bit-to-the AWGN power spectrum density ratio E b /N 0 (=0.5SF (1+N g /N c )(E c /N 0 ) ). For comparison, the single user case (U=1) is also plotted. Without MAI cancellation (i.e., i=0 for PIC), the uplink BER performance is severely degraded. However, it can be seen that the proposed FD-MS-PIC/SIC can significantly improve the BER performance under multi-user environments. When U/SF=0.5, even with i=3rd and 2nd stages, the average BER performance approaches the single user case by about a fractional dB. However, for full load condition (i.e., U/SF=1), PIC cannot improve the BER performance due to the error propagation; but with SIC, the BER performance close to the single-user case can be achieved at the i=5th stage.
The BER performance with transmit/receive antenna diversity (N t =N r =2) is plotted in Fig. 7 . The joint use of antenna diversity and MAI cancellation can significantly improve the BER performance. Very close-to-single user performance is achieved even in a low E b /N 0 region at the i=2nd and 3rd stages for SIC and PIC, respectively. 
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V. CONCLUSION
In this paper, we proposed frequency-domain multi-stage parallel interference cancellation (FD-MS-PIC) and successive interference cancellation (FD-MS-SIC) for DS-CDMA uplink with transmit/receive antenna diversity reception. FD-MS-PIC and SIC operations are carried out in the frequency-domain and then joint STBC-decoding received antenna diversity combining and MMSE-FDE is applied. We have derived the MMSE-FDE weight taking into account the residual MAI power. The MMSE weight and the replica generation control parameter are updated in each cancellation stage. The BER performance with the proposed FD-MS-PIC/SIC in a frequency-selective Rayleigh fading was evaluated by computer simulation. Without antenna transmit/receive diversity, SIC provides a good BER performance at the i=5th stage; however, PIC cannot be used due to the error propagation. With antenna transmit and receive diversity, both PIC and SIC work well and a close-to-single user performance can be achieved at the i=3rd stage for PIC and the i=2nd stage for SIC, respectively.
